Asymmetric double quantum dots as a subminiature mesoscopic cell 
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A subminiature mesoscopic cell, consisting of an asym- 
metric double quantum dot capacitively coupled to a nearby 
mesoscopic circuit, is proposed, which can transform disor- 
dered noise energy to ordered electric energy. Two schemes, 
the noise originating from the nearby mesoscopic circuit and 
from the electromagnetic wave disturbance in external envi- 
ronment, are investigated. We found that the proposed cell 
can manifest as a good constant current source and the out- 
put current may not reach its largest value even if the circuit 
is shorted. 

PACS numbers: 73.40.Gk, 73.50.Lw, 73.50.Td 

Mesoscopic physics, a new branch of condensed matter 
physics, has been developed and become an active field 
in the last two decades, not only because of the funda- 
mental physics, but also because of the great potential 
as regar|ds the new generation of electronic and photonic 
devices. u Very recently, by .using inelastic transitions in 
a tunable two-level system,El Aguado and Kouwenhoven. 
proposed a detector of high-frequency quantum noisc.0 
This detector consists of a double quantum dot which 
is capacitively coupled to a nearby mesoscopic conduc- 
tor. Then from the inelastic current through the double 
quantum dots, one can measure the noise spectrum in 
the nearby conductor. 

Noise always exists in the electronic systems, whether 
Johnson-Nyquist noise in equilibrium states or shot noise 
in non-equiiibirium states, and has been investigated 
extensively.cTEl In addition, a system usually exists in an 
electromagnetic environment from that the noise can also 
be induced in the system from the electromagnetic wave 
(EMW) disturbance of the environment. 

In this letter, we propose a subminiature mesoscopic 
cell, consisting of an asymmetric double quantum dot 
(DQD) and a noise offering circuit, capacitively cou- 
pled to a nearby mesoscopic circuit via capacitors Cc 
(Fig. 1(b)), by which one can obtain the useful ordered 
energy from the disordered noise energy. In the proposed 
structure, the asymmetric DQD is described as a system 
of three tunnel barriers (See Fig. 1(a)) with capacitances 
C. Za is the impedance of the appliance load. In this 
model, the current noise Si of the noise offering circuit 
will give rise to the fluctuation of the electric potential of 
the two quantum dot, a following the intro-dot energy lev- 
els El and Eij fluctuate too. This leads that the electron 
in the level E]i of the right dot maybe absorb a quanta 
from the noise offering circuit and jump to the level El 



of the left dot (see Fig. 1(a)). Therefore, a inelastic cur- 
rent goes through the DQD system from the right side 
to the left side. We emphasize that no battery exists in 
this device, but the system can produce ordered current, 
in other words, the system play a role of electric cell. 
Speciflcally, we consider that: (1) Each dot of the DQD 
has only one electronic level. El for the left dot and En 
for the right dot, respectively. (2) The DQD is designed 
asymmetric to make the two levels El and Eli not in 
line. Notice that no gate voltage applied in this DQD for 
controlling the intra-dot levels, different from the cases 
in Ref. (3) El < Hl ,IJ'R < Er, where fXa is the 

chemical potential, so that the level El is almost empty 
and the level E^ is almost occupied by the electron. (4) 
AE = El — Eb. '3> Tc with Tc the coupling between two 
dots.d Then the coherent tunneling between the two dots 
can be neglectedja while the incoherent tunneling dom- 
inants, in which the photon emission or absorption to 
or from the environment may happen. (5) Let and 
Tr denote the tunneling rates through the left and right 
barriers, and ri(e) the inelastic transition rate through 
the middle barrier. Here we consider the situation with 
Tl, Tfl , he., the middle barrier is much larger than 
left and right barriers. Then the inelastic current through 
the DQD system (from the right side to the left side) is 
mainly decided by Fi(e).EI From perturbation theory, one 
can obtain this inelastic current as:ll3lid 



I{AE) = -T,{AE)fL{EL) [1 - hiEn)] 



-rd-AE)fR{En)[l^fL{EL)]. 



(1) 



where fL/nie) = {e'^"''^/")/''^^" -I- 1} is the Fermi 
distribution function in the left/right lead, Td is the 
temperature of DQD's system. Here Ti{e) is r|elated 
to the coupHng strength by ri(e) = T^P{ep and 
the probability P(e) for the exchange of energy quanta 
with the environment is given (at e /=0):u -P(e) = 
■^\Z{uj)\'^ Si{uj)/€^ , Si{uj) is the current noise spectrum 
at frequency lu (lo — t/K) in the mesoscopic device, 
Rk = h/e^ K, 25.8A:il is the quantum resistance. Z{ijj) is 
the trans-impedance connecting the DQD system and the 
noise offering circuit. For the circuit of Fig. 1(b), Z{uj) is: 



Z{u) 



(2) 



1 



where Za = Za + l/iCcu, Zs = Zg + 1/iCsW, and Cx = 

In terms of noise spectrum, the inelastic current 
through the asymmetric QDQ is: 

2enT nZ{AE/n)\\ 

HRk AE^ idLH-gnL) (3) 

where <7„;3 = Si{{Eo,-Ep)/n)U{Eo,){l-fp{Ep)). Notice 
that the output current of the subminiature mesoscopic 
ceh (i.e. the current through the apphance load Za) is 
equal to the current through the DQD. In the follow- 
ing, we investigate in detail the output current for the 
two schemes: (i) the noise originates from the equilib- 
rium noise offering circuit itself, (ii) the noise from the 
EMW disturbance in a nearby external electromagnetic 
environment. 

(j) the noise from the noise offering circuit. In this case 
we assume that the noise offering circuit is not affected 
by EMW disturbance in the external environment; and 
the mesoscopic device is a quantum point contact (QPC) 
in equilibrium .. Then the noise spectrum Si{uj) can be 
expressed as:By Si{uj) = 4Gncj/(l - e-'*'^/'=«'^"), where 
G is the conductance, T„ is the temperature of the noise 
offering circuit (or the QPC's system). In the numerical 
studies, we take relevant parameters as: (1) C = 0.05/F, 
Cc = 0.1/F, Cs = InF, and Z, = 0.5Rk; which are typ- 
ical experimental values.l3 (2) Let = Ai?/100, so as to 
satisfy the condition AE > Tc. (3) Set El = -Er and 
jjLL = —jJ-R- (4) Let the QPC only has one open chan- 
nel, leading to G = 2/Rk- First, we investigate the case 
in which the circuit is shorted, i.e. Za = 0, meanwhile 
A'L — fJ-R = 0. The output current / vs. the tempera- 
ture difference AT (AT = r„ - To) at different To is 
presented in Fig. 2(a), showing an almost linear relation. 
Fig. 2(b) shows the output current / vs the energy dif- 
ference AE, exhibiting a non-monotonous variation. In 
both limits of AE and AE ^ oo, / becomes to 
zero. The position AE, at which / has its maximum, is 
determined by AT and T^. It should be emphasized that 
/ is exactly zero if AT = 0, regardless of the values of 
Td and AE. This result is obviously consistent with the 
second law of thermodynamics. In fact, one can consider 
the cell as a heat engine, which works between two heat 
reservoirs with the temperature r„ and To. 

(ii) the noise originates from the EMW disturbance in 
the nearby environment. In this case, we can assume that 
the temperature difference AT is zero, and the noise of 
the EMW disturbance is the only source of the output 
current /. For simplicity we also assume that the noise 
spectrum 5*7(0;) from the EMW disturbance is indepen- 
dent with to, i.e. a white noise, Si{lu) = Sq. The inset 
in Fig. 2(b) shows the output current / vs. AE at the 
short circuit case. One can clearly see that the output 
current / is nonzero with the following features: / is 
zero at AE = 0, With the increase of AE, the differ- 
ence of the occupation number becomes larger, leading 
to a larger current /. Then / reaches its maximum when 



AE at a certain value (several times of T„). With the 
further increase of AE, I decreases slowly, because that 
the transition from Ej^ to El becomes to very difficult 
at large AE. It is merit mentioning that: in order to 
obtain a greater output current /, one can take different 
ways as: (1) To lower the temperature of the system, r„ 
and Tl>. (2) To change the noise offering circuit into a 
LC circuit with the condition of 1/VLC ~ AE/h. 

Up to now, we have studied the output current / at the 
short circuit case (i.e. Za = 0), in which the subminiature 
mesoscopic cell can produce a current /, but its output 
power is zero. In the following, we study the case of 
Za /=0, in which the cell has a nonzero output power. 
Since in this case, fj,L and /z/j are nonzero, the output 
current / has to be solved from Eq.(3) and the equation 
IZa — {fiL — fJ'R)/e. Fig. 3(a) shows / vs Za for case (i). 
One finds that: (1) When Za varies from to a critical 
value Zac, I keeps almost independent with Za. This, 
means that this cell is a good constant current source.Efl 
The critical appliance impedance Zac is also dependent 
with AE, and is approximately determined by ZacI = 
AE/e: Zac ~ 3A:f^ and Zac ~ 12fcf7 for AE = 0.2meV 
and AE = O.SmeV, respectively. (2) When Za > Zac, 
the output current / drops quickly with the increase of 
Za, quicker than 1/Za. 

The efficiency of the subminiature mesoscopic cell, 
77, is defined as the ratio of the output energy of the 
cell to thpJnput energy from the high-temperature heat 
reservoir £3 Neglecting external losses, one has 77 = 
IVAt/{IAEAt/e) = eV/AE, where V ^ {fiL - fJ'R)/e 
is the bias voltage across the appliance impedance Za. rj 
vs T„ at different Za is shown in the inset of Fig. 2(a). 
For comparison, the limit efficiency of heat engine, (T„ — 
Td)/T„, is also shown by the dotted curve. The effi- 
ciency 77 monotonously increases with the temperature 
T„ and the appliance impedance Za. Notice that rj can 
never excess {Tn — TL>)/Tn, the efficiency of the ideal heat 
engine by the second law of thermodynamics. But the ef- 
ficiency 77 may still be quite high, e.g. at Za — lOkfl and 
T„ — 3K, rj « 57%; which is close to the limit efficiency 
of heat engine, 66.7%. 

Finally, let us study an interesting result. It is well 
known that for the ordinary electric cell, the output cur- 
rent / has its largest value if the circuit is shorted. How- 
ever, for the proposal cell, the output current / may be 
larger if the circuit is loaded {Za /^Q) than the circuit is 
shorted {Za = 0). Fig. 3(b) shows / vs. Za at very low 
temperature (T„ — O.IK and Td — 0.6K). It is obvious 
that / is not the largest ai Za = 0. For example, for 
AE — 0.2meV, the largest current / is at Za ~ 43A:il, 
is not at Za = Qkfl. Because that the current I{AE) is 
directly proportional to the modulus square of the trans- 
impedance, \Z{AE/K)^ , which also depends on Za (See 
Eqs.(2) and (3)). While Za increases, \Z{AEIK)\^ in- 
creases quickly in a certain range of Za, may lead to a 
larger current / . 

In summary, by using an asymmetric double quantum 
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dots, we propose a subminiature mesoscopic cell, which 
can change the the disordered noise energy in a nearby 
mesoscopic device to the useful ordered electrical energy. 
Two different cases of the origin of the noise are studied. 
The cell manifests a good constant current source and 
high efficiency. Moveover, an interesting phenomenon, 
that the output current may have its largest value for 
the loaded circuit is discussed, which is important from 
the point of view of the application. 
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to Td = Q.5K, IK, and 3K, respectively, (b). 
/ vs AE at Td = IK. The dotted, dashed, and 
solid curves correspond to AT — 3K, 2K, and 
IK, respectively. The inset in (a) shows the effi- 
ciency 77 vs T„ at Td — IK and AE — O.lmeV. 
The solid curves 1-3 correspond to Za = 3fcf2, 
lOfcri, and 30kil, respectively. The dotted curve 
is (T„ — T£))/Tn for comparison. The inset in (b) 
shows the output current / of the short circuit for 
the case of the noise from the EMW disturbance in 
nearby environment. The dotted, dashed, and solid 
curves correspond to T.,-, = Td = IK, 2K, and 3K, 
respectively. 



Fig. 3 The output current I vs Za- The parameters are: 
(a) Td = O.IK and T„ = 1.5K; (b) Td = O.IK and 
Tn = 0.6K. 
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FIGURE CAPTIONS 



Fig. 1 (a) Energy diagram of the asymmetric DQD. (b) 
A schematic structure of the subminiature meso- 
scopic cell. The symbols marked with "B" in the 
asymmetric DQD are the three tunnel barriers. Za 
is the appliance impedance. 



Fig. 2 The output current / of the short circuit for the 
case of the noise from the oneself of the noise of- 
fering circuit, (a) / vs AT at AE = O.lmeV. 
The dotted, dashed, and solid curves correspond 
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